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Abstract

We have isolated a polyubiquitin cDNA from the modified desiccation-tolerant grassSporobolus stapfianus.
This cDNA, along with a commercially available polyclonal ubiquitin antibody, was used to characterize
desiccation/rehydrated-associated changes in ubiquitin-mediated protein degradation inS. stapfianusand the fully
desiccation-tolerant mossTortula ruralis. Northern analysis demonstrated that inS. stapfianusleaves two ubiquitin
transcripts, of ca. 1.4 and 1.2 kb, accumulated above control levels during drying and rehydration but were barely
detectable in desiccated tissue. The peak in rehydration-associated transcript accumulation coincided with a deple-
tion in ubiquitin monomer levels indicating an increase in protein degradation. Analysis ofT. ruralis revealed three
ubiquitin transcripts of ca. 1.9, 1.3 and 0.65 kb, with only the 1.3 kb transcript level varying in response to drying
and rehydration and all transcripts being stable in dried tissue. Western analysis revealed that conjugated ubiquitin,
indicative of proteins targeted for removal, was evident in all samples ofSporobolusbut detectable only in slow-
dryingTortulawhich also displayed reduced levels of ubiquitin monomer. These results demonstrate that desiccated
T. ruralis gametophyte possesses stable ubiquitin transcripts which can be translated upon rehydration enabling
rapid initiation of cellular repair through degradation of certain proteins. This is in contrast toS. stapfianuswhich
requires several hours to replenish depleted ubiquitin transcripts. The ubiquitin response to drying and rehydration
in evolutionarily diverse systems is characterized, and the role of repair mechanisms such as ubiquitin-mediated
protein degradation in desiccation tolerance is assessed.

Introduction

Most plants can withstand minor fluctuations in wa-
ter availability through morphological and/or phys-
iological adaptation, but succumb to more extreme
conditions. A small number of plants (desiccation-
tolerant/resurrection plants) have developed mecha-
nisms allowing them to tolerate drying of their vege-
tative tissues to air dryness, survive in a dried state for
prolonged periods and resume growth upon rehydra-
tion (Bewley and Krochko, 1982; Schwab and Gaff,
1990).

Desiccation-tolerant plants are categorized as ei-
ther fully desiccation-tolerant or modified desiccation-

The nucleotide sequence data reported will appear in the EMBL,
GenBank and DDJB Nucleotide Sequence Databases under the
accession number AF148448.

tolerant. Fully desiccation-tolerant plants are found
among the bryophytes, lichens and algae (Oliver and
Bewley, 1979; Bewley and Krochko, 1982) and can
survive rapid loss of water. Modified desiccation-
tolerant plants are found in all the major classes of
vascular plants except the gymnosperms (a taxonomic
group consisting of the cycads, conifers and gneto-
phytes) and survive only when drying occurs over
several hours or days. For a plant to survive desicca-
tion it is proposed that three criteria have to be met
(Bewley, 1979): (1) limitation of damage incurred to
a repairable level, (2) maintenance of physiological
integrity in the dried state, and (3) mobilization of re-
pair mechanisms upon rehydration. Fully desiccation-
tolerant plants, such as the mossTortula ruralis, often
experience rapid drying and as a result do not ap-
pear to induce major protection mechanisms during
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the initial phases of water loss. Instead, they rely on
a rapid implementation of cellular repair mechanisms
induced by rehydration, though this appears to be sup-
plemented by a certain level of constitutive cellular
protection (Bewley, 1979; Bewley and Krochko, 1982;
Bewley and Oliver, 1992; Oliver and Bewley, 1997;
Oliver et al., 1997). Modified desiccation-tolerant
plants, on the other hand, have time during drying
to accumulate putative protective factors such as LEA
proteins, including dehydrins (Blomstedtet al., 1988;
Close, 1996; Ingram and Bartels, 1996) as well as cer-
tain sugars (Kaiseret al., 1985; Bianchiet al., 1992)
and amino acids (Bianchiet al., 1992). The slow rate
of water loss during the drying event is made possi-
ble by morphological and physiological adaptations
to retain water in drying atmospheres that these more
complex plants have evolved.

Much of the work on desiccation tolerance in
plants has focused on modified desiccation-tolerant
plants. The drying phase has received particular atten-
tion with the identification of numerous dehydration-
inducible genes inCraterostigma plantagineum(Bar-
telset al., 1993; Schneideret al., 1993) andSporobo-
lus stapfianus(Blomstedtet al., 1998; O’Mahony and
Oliver, 1999). Many of these genes, though not all,
are also induced by the phytohormone abscisic acid
(ABA) (Furini et al., 1996; Blomstedtet al., 1998)
suggesting it plays a role in the signal transduction
pathway involved in the induction of at least some por-
tions of the desiccation-tolerance mechanism in these
plants. The rehydration phase has received less atten-
tion with only a few rehydration-responsive proteins
identified (Bernacchiaet al., 1996; Oliveret al., 1998;
O’Mahony and Oliver, 1999). The rehydration phase
is important in modified desiccation-tolerant plants
as cellular damage does occur at this time, possibly
due to cellular swelling (Bewley, 1979; Gaff, 1980),
and it has been surmised that recovery is initiated
by rehydration-induced repair mechanisms mobilized
once full turgor has been achieved (Reynolds and
Bewley, 1993). In order to determine the importance
of cellular repair during rehydration, and possibly dur-
ing the drying phase, we chose to analyze the process
of protein degradation involving ubiquitin and the 26S
proteasome pathway.

Previous work identified ubiquitin as one of a
number of proteins possibly involved in the recovery
phase ofT. ruralis andS. stapfianusduring rehydra-
tion (Scott and Oliver, 1994; Oliveret al., 1998).
Ubiquitin is a small, highly conserved, 76 amino acid
(8.5 kDa) protein found in all eukaryotes either as

a free monomer or covalently linked to a variety of
proteins. Though multifunctional (von Kampenet al.,
1996), one of its main known functions is in tagging
proteins for selective degradation by the 26S protea-
some (Hasselgren and Fischer, 1997). Ubiquitin is
induced by various stresses in plants and animals (Bi-
net et al., 1991; Christensenet al., 1992; Genschik
et al., 1992; Sun and Callis, 1997; Fornaceet al.,
1998) but desiccation-related effects are poorly un-
derstood (Handkeet al., 1993; Schulzet al., 1994).
Protein degradation is a normal cellular activity but
an increase in degradation in response to a stress can
be interpreted as the result of excessive protein dam-
age (Fergusonet al., 1990) and an attempt to remove
damaged proteins from the cell in order to maintain
cellular function. This enables us to use ubiquitin
as an indicator of cellular damage/repair in response
to desiccation. The fact that ubiquitin expression is
sensitive to desiccation in bothS. stapfianusandT. ru-
ralis meant we could also use it to identify the timing
of protein damage and thereby directly compare the
different systems during drying and rehydration.

In this work we characterize a putative full-length
ubiquitin cDNA fromSporobolus stapfianus. By com-
paring the steady-state levels of ubiquitin transcripts
and protein profiles from drying and rehydrating tis-
sues ofS. stapfianusand Tortula ruralis we deter-
mined the extent and timing of cellular damage/repair
in these diverse systems. This allows us to characterize
at least one aspect of desiccation-related cellular re-
pair while making a direct comparison of two different
desiccation tolerance systems.

Materials and methods

Plant material

Sporobolus stapfianusGandoger (original provenance
Verena, Transvaal, South Africa) andSporobolus
pyramidalis Beauv. (northern Cape province) were
grown in commercial potting soil in 4.5 liter pots
under greenhouse conditions using natural light with
an average day/night temperature of 21–27◦C and a
relative humidity (RH) of 17%. Plants were watered
every morning by misting and individual plants were
dried by witholding water. To dry to air dryness (con-
stant weight in ambient conditions) required 15 to 20
days. Rehydration of desiccated plants was achieved
by submerging the whole pot and plant in water which
contained 100 mg/l carbenicillin (to reduce growth
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of soil-borne bacteria which would contaminate leaf
samples) for specified time periods. The relative water
content (RWC) of a plant was determined from a min-
imum of three random samples of excised leaf tissue.
RWC was calculated by the formula, Fwt−Dwt/FTwt
− Dwt, where Fwt was the fresh sample weight, FTwt
was the full turgor weight of the same sample after
submersion in deionized water overnight in the dark,
and Dwt was the weight of the sample after being dried
at 70◦C overnight (Kuanget al., 1995). Leaf tissue at
the required RWC, or following a defined period of
rehydration, was used immediately or snap-frozen in
liquid nitrogen and stored at−80 ◦C. Care was taken
to collect leaf samples at approximately the same time
of day to ensure that changes in transcript levels were
not due to the circadian control of gene expression or
diurnal effects.

Tortula ruralis ([Hedw.] Gaertn, Meyer and
Scherb) gametophytes were collected and stored dry
at room temperature. For experiments, gametophyte
tissue was hydrated for 48 h as described previously
(Oliver, 1991; Scott and Oliver, 1994). Rapid-dried
moss was prepared by placing fresh gametophyte on
filter paper over activated silica gel in a Petri dish
as described previously (Bewley and Thorpe, 1974).
Slow-dried moss was prepared by placing fresh moss
gametophytes of known weights on a nylon mesh in
a closed chamber over a stirred saturated solution of
sodium nitrite at 20◦C (RH 66%) for 24 h. Using this
regime the air-dried weight (ca. 20% of original fresh
weight) was obtained within 6 h (Oliver,1991).

Nucleic acid isolation

Total RNA was isolated from fresh or frozenSporobo-
lus leaves and moss gametophyte using a hot phenol
method (de Vrieset al., 1988). RNA was enriched for
poly(A)+ RNA using oligo-dT-conjugated magnetic
beads (Dynal, Oslo, Norway).

Genomic DNA was isolated from 10 g of fresh leaf
material by a CTAB-based method (Ausubelet al.,
1989). The DNA was purified by ultracentrifugation
(Sorvall Ultra 80 ultracentrifuge) on a 6 ml, 1.56 g/ml
cesium chloride gradient containing 0.33µg/ml ethid-
ium bromide and centrifuged at 315 000× g for 6 h in
a Sorvall TV 865 rotor. After isolation of the banded
DNA, the sample was extracted four times with water-
saturated butanol to remove ethidium bromide and the
DNA was ethanol-precipitated. DNA and RNA were
quantified spectrophotometrically at OD260 mm.

Ubiquitin cDNA isolation

Total RNA was extracted from a combination of desic-
cated leaves ofSporobolus stapfianusrehydrating for
3, 6 and 12 h, and doubly enriched for poly(A)+ RNA
using oligo-dT magnetic beads (Dynal). A cDNA li-
brary with ca. 2×106 plaque-formingunits (p.f.u.) was
constructed in the Uni-Zap XR vector using a ZAP
cDNA synthesis kit (Stratagene, La Jolla, CA). To
identify a putative full-lengthSporobolus stapfianus
ubiquitin cDNA, a partial ubiquitin cDNA clone from
the mossTortula ruralis (Scott and Oliver, 1994) was
random-prime-labeled with [α-32P]dCTP (DecaPrime
II Kit, Ambion) and used to screen ca. 2× 105 p.f.u.
in the first screen. Positive plaques were sequentially
screened until a homogeneous population of p.f.u. was
achieved. The cDNA was rescued from the purified
phage isolate as a cDNA fragment in the pBluescript
SK− plasmid vector according to the manufacturer’s
instructions.

DNA sequencing

DNA sequencing was performed using dRhodamine
and BigDye Terminator Cycle Sequencing kits (PE
Applied Biosystems, Foster City, CA) according
to the manufacturer’s instructions. Sequence re-
actions were analyzed with a Perkin Elmer/ABI
Prism 310 automated sequencer. Primers used were
anchored in the pBluescript vector (SK−) Lac I
(TTCACACAGGAAACAGCTATGAC), and Lac Z
(CGGGCCTCTTCGCTATTAC). Two further primers,
Lac I∗ (GGAAGCCTTAGCCCATCCTC) in the 5′-
untranslated region adjacent to the start codon, and
Lac Z∗ (CACAGCAGCTCCTGACCAGG) in the 3′-
untranslated region, were used to sequence across the
coding region.

Northern and Southern analysis

Northern blots were prepared by fractionating
poly(A)+-enriched RNA (1µg per lane) on a 1.2%
formaldehyde-denaturing agarose gel (Ausubelet al.,
1989). After rinsing the gel twice in distilled wa-
ter, RNA was transferred to a Duralon-UV membrane
(Stratagene) by pressure-blotting for 1 h at 550 kPa
and immobilized on the membrane by UV irradiation
using a total of 120µJ of energy as recommended by
the manufacturer (UV Stratalinker 1800, Stratagene).

Southern blots were prepared by fractionating
10 µg samples of genomic DNA on 0.8% agarose
gels. DNA was depurinated in the gel by rinsing the
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gel in 0.1 M HCl for 30 min, denatured for 30 min
in denaturing buffer (1.5 M NaCl, 0.5 M NaOH) and
neutralized for 30 min in neutralizing buffer (1.5 M
NaCl, 0.5 M Tris-Cl pH 8.0). The gel was rinsed once
for 5 min in 0.1 M Tris-Cl pH 8.0, 2× SSC, prior
to transfer and immobilization of DNA to a Duralon-
UV membrane by the same procedure described for
northern blotting.

Membranes were incubated overnight at 62◦C
in prehybridization buffer (0.5 M sodium phosphate
pH 7.1, 1% SDS, 1% BSA, 100µg/ml of soni-
cated salmon sperm DNA). Nucleic acid probes were
random-prime-labeled (Decaprime II Kit; Ambion,
Austin, TX) with [α-32P]dCTP (NEN-Dupont) and
unincorporated label removed by purification columns
(Stratagene). Probes were incubated at 95◦C for
5 min, added directly to the prehybridization solution
and allowed to hybridize overnight at 62◦C. Mem-
branes were washed initially at 42◦C and as high
as 62◦C in wash buffer (40 mM sodium phosphate
pH 7.1, 0.1% SDS) until the membrane registered near
background readings on a hand-held monitor.

Western analysis

Protein was extracted from wholeS. stapfianusleaves
andT. ruralis gametophyte at specific RWC values or
at certain time points during drying and rehydration.
Leaf tissue was excised, snap-frozen in liquid nitrogen
and ground to a fine powder in a pre-chilled mortar
and pestle. The powder (1 g) was mixed with 5 ml
of chilled extraction buffer (0.5 M Tris-HCl pH 8.65,
50 mM EDTA, 0.1 M KCl, 2% 2-mercaptoethanol)
to give a fluid consistency. After 5 min on ice, with
regular agitation, cell debris and insoluble material
were removed by centrifugation twice for 10 min at
14 000× g each. Proteins were extracted from the
aqueous phase in an equal volume of water-saturated
phenol, and the phenol phase re-extracted with wash
buffer (extraction buffer without 2-mercaptoethanol).
Proteins were precipitated from the phenol phase by
addition of 2.5 volumes of 0.1 M ammonium acetate
in methanol and incubation at−20 ◦C for at least
1 h. Precipitated proteins were recovered by centrifu-
gation, washed twice in 0.1 M ammonium acetate in
methanol and allowed to air-dry. After resuspension
in wash buffer, protein concentrations were estimated
by the BioRad protein assay (BioRad, Hercules, CA)
with BSA as standard. Proteins were fractionated by
12% SDS-PAGE using the BioRad minigel system
and transferred to PVDF membrane (Pierce, Rock-

ford, IL) using the BioRad TransBlot in transfer buffer
(5.8 g/l Tris base, 2.9 g/l glycine and 200 ml/l 100%
methanol).

Membranes were blocked for 1 h in TBS contain-
ing 0.1% Tween 20 (TTBS) and 5% non-fat dried
milk. Ubiquitin antibody developed in rabbit (Sigma,
St. Louis, MO) at 1:100 dilution was incubated with
the membrane in TTBS for 1 h. After 3×5 min washes
in TTBS, goat anti-rabbit horseradish peroxidase-
conjugated secondary antibody (Pierce) was incubated
with the membrane at a dilution of 1:10 000 in TTBS
for 1 h. After 3× 5 min washes in TTBS, signal de-
tection was achieved with the SuperSignal Substrate
system (Pierce).

ABA treatment

Whole leaves ofS. stapfianuswere excised from
the plant and placed in water containing a 100µM
racemic mix of abscisic acid (Calbiochem-Behring) or
just water as control. A fresh cut of the base of the
leaves was made under water to ensure a continuous
water column within each leaf. Leaves were harvested
at 2, 4 and 6 h for the ABA treatment, and 2 h for the
water control.

Results

Ubiquitin cDNA isolation and characterization

A putative full-length ubiquitin cDNA of 1423 bp
(GenBank accession number AF148448) was isolated
from a Sporobolus stapfianusrehydration leaf cDNA
library using poly(A)+ RNA pooled from a combina-
tion of desiccated leaves rehydrating for 3, 6 and 12 h.
The cDNA has a putative open reading frame (ORF) of
1143 bp starting at nucleotide 66 that is flanked by a
65 bp 5′ non-coding region and a 3′ non-coding region
of 215 bp that includes 20 bp of poly(A)+ tail. The pu-
tative ORF encodes a polypeptide of 381 amino acids
that consists of five head-to-tail ubiquitin monomer
coding sequences. Translation of the ORF would the-
oretically result in the production of four monomers of
76 amino acids in length (monomers 1 to 4) and one
monomer of 77 amino acids. The fifth monomer has an
extra amino acid at its carboxy-terminus, a glutamine
residue, similar to the terminal monomer sequence re-
ported for a maize polyubiquitin (Christensenet al.,
1992).
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Figure 1. Southern analysis of genomic DNA fromSporobolus
stapfianus. Genomic DNA was isolated fromS. stapfianusand ce-
sium chloride-purified. Undigested DNA and DNA digested with
BamHI, EcoRI, HindIII and PstI (10 µg per lane) was separated
on a 0.8% agarose gel, transferred to Duralon-UV membrane and
probed with the fullS. stapfianusubiquitin cDNA.

Southern analysis

Genomic DNA fromS. stapfianuswas digested with
four restriction enzymes that did not have predicted
restriction sites within the ubiquitin cDNA:BamHI,
EcoRI, HindIII and PstI. Southern analysis of this
DNA, with the full-length S. stapfianusubiquitin
cDNA as a probe, revealed several strongly hybridiz-
ing bands in each of the four genomic DNA restriction
enzyme digests (Figure 1). In addition to the major hy-
bridization bands, each digest revealed multiple bands
that weakly hybridize to the cDNA probe. The com-
plex hybridization patterns seen in each digest indicate
that ubiquitin is not encoded by a single gene at a
single chromosomal location inS. stapfianus.

Ubiquitin transcript modulation during drying and
rehydration inSporobolusandTortula ruralis

In order to examine the changes in ubiquitin transcript
levels during desiccation and rehydration, northern
blots of poly(A)+-enriched RNA from leaf tissues
of S. stapfianus, S. pyramidalisand gametophyte of
T. ruralis were examined using the fullS. stapfianus
ubiquitin cDNA as a probe (Figures 2 and 3). The
S. stapfianusubiquitin cDNA was used as a probe for

Figure 2. Northern analysis of poly(A)+ RNA from Sporobolus
stapfianusandSporobolus pyramidalisduring drying and rehydra-
tion of leaves. Total RNA was isolated from leaves and enriched
for poly(A)+ RNA. Poly(A)+ RNA (1 µg per lane) was separated
on a 1.2% formaldehyde denaturing agarose gel, transferred onto
Duralon UV membrane and probed with the fullS. stapfianusubiq-
uitin cDNA. As a control of lane loading the blot was stripped and
reprobed with a sorghum rDNA probe to 18S RNA (Wood and
Goldsborough, 1997). RNA extracted from leaves during dehydra-
tion is represented by relative water content (%RWC) while RNA
isolated during rehydration of desiccated leaves is represented by
hours of rehydration.

Sporobolusand Tortula RNAs both for convenience
and to maximize signal strength. Both theTortula
andSporobolusubiquitin cDNAs hybridized to all of
the ubiquitin transcripts within the RNA from either
plant (data not shown) but theSporoboluspolyubiq-
uitin cDNA has five copies of the ubiquitin monomer
in contrast to the partialTortula polyubiquitin cDNA
which encodes only two.

In S. stapfianustwo transcripts hybridized to the
polyubiquitin probe, one of ca. 1.4 kb and one of ca.
1.2 kb. Both of these ubiquitin transcripts accumulated
during the early stages of drying, with a peak in ac-
cumulation at a relative water content (RWC) between
77% and 30%, but decreased to very low levels in fully
dried tissue. The ubiquitin transcripts accumulated
more during rehydration than drying, reaching peak
levels at around 12 h, before returning to near control
levels by 24 h. Data shown in Figure 3 indicate that
the 1.4 kb transcript accumulated to a greater degree
during drying and rehydration than the 1.2 kb tran-
script. Northern analysis of the desiccation-sensitive
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Figure 3. Northern analysis of poly(A)+ RNA from the mossTor-
tula ruralis during drying and rehydration. Total RNA was isolated
from T. ruralis gametophyte and enriched for poly(A)+ RNA.
Poly(A)+ RNA was separated on a 1.2% formaldehyde denaturing
agarose gel (1µg per lane), transferred onto Duralon UV mem-
brane and probed with the fullS. stapfianusubiquitin cDNA. As
a control of lane loading the blot was stripped and reprobed with
a sorghum rDNA probe to 18S RNA (Wood and Goldsborough,
1997). Moss was rapid-dried (RD) over activated silica gel and
subsequently rehydrated (RDR), and slow-dried (SD) as previously
described (Oliver, 1991), and subsequently rehydrated (SDR).

grassS. pyramidalis(Figure 2) revealed only one ubiq-
uitin transcript of 1.4 kb present in both untreated and
drying leaves. This transcript also accumulated during
drying, similar to that forS. stapfianus, but as the tis-
sues of this plant are destroyed upon rehydration we
were unable to examine this part of the wet-dry cycle.

Northern analysis of poly(A)+ RNA from dry-
ing and rehydrating gametophytes ofTortula ruralis
(Figure 4) revealed the presence of three ubiquitin
transcripts of 0.65 kb, 1.3 kb and 1.9 kb. Steady-state
levels of the 0.65 kb and the 1.9 kb transcripts were
relatively unaffected by either drying or rehydration.
However, while the levels of the 1.3 kb transcript were
similar in rapid- or slow-dried tissue, accumulation
continued in the first hour of rehydration of rapid-dried
tissue but declined in slow-dried tissue.

Response ofS. stapfianusubiquitin transcript levels
to exogenous ABA

Many plant desiccation-responsive genes are also in-
duced by exogenous ABA (Ingram and Bartels, 1996).
We were interested in determining whether exogenous
ABA could act as a signal transducer and result in the
accumulation of ubiquitin transcripts inS. stapfianus.
Earlier work (M.J. Oliver, unpublished data) demon-

Figure 4. Northern analysis of poly(A)+ RNA from Sporobolus
stapfianuscontrol leaves and leaves treated with ABA. RNA was
isolated fromS. stapfianusleaves standing in water for 2 h as con-
trol, or in water containing a 100µM racemic mix of abscisic acid
for 2, 4 and 6 h. Poly(A)+ RNA (1 µg per lane) was separated on
a 1.2% formaldehyde denaturing agarose gel, transferred onto Du-
ralon UV membrane and probed with the fullS. stapfianuscDNA.
To show that the exogenous ABA was capable of effecting transcript
accumulation, the blot was stripped and reprobed with a partial
cDNA of a sorghum dehydrin (a gift from Dr A.J. Wood, Southern
Illinois University, Carbondale). As a control of lane loading the
blot was stripped and reprobed with a sorghum rDNA to 18S RNA
(Wood and Goldsborough, 1997).

strated that ABA is undetectable inTortula tissues and
is not involved in the response to desiccation. Northern
blots of poly(A)+ RNA extracted fromS. stapfianus
leaves standing in ABA solution and leaves standing
in water alone as control were probed with the full
ubiquitin cDNA. None of the transcript levels were
altered appreciably in response to the exogenous ABA
(Figure 4) suggesting that ABA does not influence
ubiquitin accumulation inS. stapfianus. To ensure
that exogenous ABA was influencing transcript lev-
els in the grass leaves, the same blot was stripped
and re-probed with a PCR fragment coding for part
of an ABA-inducible dehydrin cDNA from sorghum
(a gift from Dr A.J. Wood, Southern Illinois Univer-
sity, Carbondale). This blot demonstrates an increase
in transcript levels of a correspondingSporobolusde-
hydrin transcript within 2 h of exposure to ABA and
which continued to increase throughout the 6 h of
ABA application. To ensure lanes contained similar
amounts of RNA, the blot was stripped and reprobed
with an rDNA probe (Wood and Goldsborough, 1997).

Western analysis ofS. stapfianusandTortula ruralis
ubiquitin during drying and rehydration

Western analysis with commercial ubiquitin antiserum
indicated that leaves ofS. stapfianuscontained both
free and conjugated ubiquitin in fully hydrated (con-
trol), as well as drying, dried and rehydrating leaves
(Figure 5). Free monomer, dimers and trimers of ubiq-
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Figure 5. Western analysis of proteins fromSporobolus stapfianus
during drying and rehydration. Total proteins were extracted from
leaves ofS. stapfianus, separated by 12% SDS PAGE (10µg per
lane) and transferred onto PVDF membrane. Blots were incubated
with a commercially available primary antibody to ubiquitin (1:100)
followed by a secondary HRP-conjugated goat anti-rabbit antibody
(1:10 000). Signal was detected using the Pierce Supersignal chemi-
luminescent system. Lanes of protein isolated during dehydration
are represented as relative water content (% RWC) while proteins
isolated during rehydration are listed as hours of rehydration.

uitin as well as conjugated ubiquitin were evident in
all samples. Monomer levels increased slightly dur-
ing drying, remained high in dried leaves and, except
for a marked reduction in the 12 h sample, main-
tained constant, but lower, levels throughout rehydra-
tion. High-molecular-weight conjugates representing
proteins tagged for removal appeared to increase dur-
ing drying and to decrease rapidly upon rehydration.
While several bands appeared to vary in intensity dur-
ing drying and to rehydration one band, slightly larger
than the monomer, was detected in dried grass but was
barely detectable in any other sample.

Ubiquitin protein levels inTortula ruralis were
analyzed with the same polyclonal antiserum as for
S. stapfianus(Figure 6). Ubiquitin monomer levels
were slightly elevated relative to control levels in all
samples except for slow-drying tissue. This slow-
drying gametophyte was the only tissue to contain
significant levels of high-molecular-weightconjugated
ubiquitin.

Discussion

We have isolated and characterized a polyubiquitin
cDNA encoding five head-to-tail ubiquitin monomers
from the resurrection grassSporobolus stapfianus. In

Figure 6. Western analysis of proteins from the mossTortula ru-
ralis during drying and rehydration. Total proteins were extracted
from gametophyte tissue ofT. ruralis, separated by 12% SDS PAGE
(10µg per lane) and transferred onto PVDF membrane. Blots were
incubated with a primary commercial antibody to ubiquitin (1:100)
followed by a secondary HRP-conjugated goat anti-rabbit antibody
(1:10 000). Signal was detected using the Pierce Supersignal chemi-
luminescent system. Tissue was rapid-dried over activated silica gel
(RD) and subsequently rehydrated (RDR) and slow-dried (SD) and
subsequently rehydrated (SDR) for 1 h.

some plants such asArabidopsis(Burkeet al., 1998)
and sunflower (Binetet al., 1991) ubiquitin is en-
coded by up to 10 genes, and our results indicate that
S. stapfianusubiquitin is also encoded by a multi-
gene family. We have utilized this cDNA to investigate
the response of ubiquitin genes to desiccation and re-
hydration of vegetative tissues of desiccation-tolerant
plants, in particular the modified desiccation-tolerant
South African grassSporobolus stapfianusand the
fully desiccation-tolerant mossTortula ruralis.

Ubiquitin acts as a tag for the selective degrada-
tion of short-lived, denatured, incomplete or misfolded
proteins via the 26S proteasome pathway (von Kam-
pen et al., 1996; Hasselgren and Fischer, 1997).
Various types of stress have been shown to increase
ubiquitin transcript levels in mammalian cells (For-
naceet al., 1989), yeast (Finleyet al., 1987),Chlamy-
domonas(Ligr and Malek, 1997) and plants (Ferguson
et al., 1990; Binetet al., 1991; Christensenet al.,
1992; Genschiket al., 1992; Sun and Callis, 1997).
The response of plant ubiquitin to stresses associated
with temperature fluctuation, various chemicals and
viral or bacterial infections are well documented but
little has been reported on ubiquitin involvement in
response to water stress (Handkeet al., 1993; Schulz
et al., 1994). Results presented here (Figures 2 and 3)
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demonstrate that certain ubiquitin transcript levels are
modulated in response to dehydration and rehydration
in at least some modified and fully desiccation-tolerant
plants, as well as a desiccation-sensitive plant.

Several ubiquitin transcripts of various size have
been identified in plants, with possible individual roles
including housekeeping, developmental and cell cy-
cle regulation and stress responses (Genschiket al.,
1992). In S. stapfianustwo ubiquitin transcripts of
1.4 and 1.2 kb were evident in all leaf samples as-
sayed, both accumulating during desiccation but to
greater levels during the first 12 h of rehydration.
By 24 h of rehydration both ubiquitin transcripts had
returned to near control levels. Western analysis re-
vealed greater levels of ubiquitin-tagged proteins in
drying and dried tissue. This increase in tagged pro-
teins was possibly the result of lower proteolysis rates
by the 26S proteasome due to water depletion as these
levels were reduced within 6 h of rehydration at which
time S. stapfianusleaves have reached control levels
of RWC (P. O’Mahony and M. Oliver, unpublished
data). However, changes in the levels of ubiquitin-
conjugated proteins can be a reflection of altered rates
of ubiquitination, deubiquitination or proteolysis by
the 26S proteasome and thus further analysis is re-
quired before such changes can be explained. The
greater accumulation of transcripts during rehydration
and the reduction in the levels of ubiquitin monomer
12 h into the rehydration episode suggests a greater
degree of damage incurred by rehydration. Previous
work on S. stapfianusdescribed Rab2, an endomem-
brane protein involved in vesicular trafficking, that has
transcript levels augmented during drying and in the
dried state as well as 12 h after initiation of rehydra-
tion (O’Mahony and Oliver, 1999). However, contrary
to ubiquitin transcripts, the increase in Rab2 tran-
script after 12 h of rehydration was considerably less
than that during dehydration. In addition, Rab2 tran-
scripts returned to control levels by 24 h of rehydration
whereas ubiquitin transcripts were still elevated at
that time. Other work involving the use of differen-
tial display to identify genes important to desiccation
tolerance inS. stapfianusidentified a number of tran-
scripts whose levels were not specifically altered 12 h
after rehydration (P. O’Mahony and M. Oliver, unpub-
lished data). These studies also revealed a chloroplast
rRNA which suffers degradation only during rehydra-
tion but primarily 12 h after initiation of re-watering.
These data suggest that 12 h of rehydration is a crit-
ical time point in the recovery ofS. stapfianuswhere
new and more intense protein degradation occurs. This

idea is supported by earlier observations that rehy-
dration rather than desiccation results in the greatest
membrane damage (Oliveret al., 1997), and since
water stress has been shown to correlate to increased
levels of membrane-associated ubiquitin conjugates
(Schulzet al., 1994), it is feasible that much of the
rehydration-associated damage is due to an injurious
swelling effect on membranes. Furthermore, physio-
logical studies of drying and rehydratingS. stapfianus
demonstrated that photosynthetic activity and CO2
assimilation require several days of rehydration be-
fore recovering (Di Blasiet al., 1998) suggesting that
the relatively early peak in ubiquitin activity during
rehydration is associated with the recovery process.

The phytohormone abscisic acid (ABA) is known
to be a mediator of desiccation tolerance in a num-
ber of resurrection plants (Ingram and Bartels, 1996)
and some, but not all, desiccation-induced proteins are
also inducible by exogenous ABA. Though a num-
ber of genes are inducible by ABA and water deficit
in S. stapfianus(Blomstedtet al., 1998), desiccation
tolerance is independent of ABA because tolerance
is induced as the plant dries to 60% RWC while en-
dogenous ABA levels rise later in drying (Gaff and
Loveys, 1993). Our results demonstrate thatS. stap-
fianusubiquitin transcripts are non-responsive to ex-
ogenous ABA. In addition, it appears that ubiquitin
transcripts accumulate early in response to moderate
drought stress (90–70% RWC) coinciding with the
first phase of novel protein synthesis inS. stapfianus
and preceding the rise in endogenous ABA (Gaff and
Loveys, 1993; Kuanget al., 1995). This observation
is consistent with earlier reports that to date ubiquitin
genes have been observed to respond only to the plant
hormone kinetin (Muhitch and Shatters, 1998).

Tortula ruralis is fully desiccation-tolerant, which
means it can withstand even rapid drying of its veg-
etative tissues. This study has identified threeTortula
ubiquitin transcripts, of 0.65 1.3 and 1.9 kb, that were
present under all conditions. The 0.65 kb transcript,
because of its size, probably encodes a ubiquitin
monomer fused at the 3′ end to an extension protein,
usually a ribosomal protein (Calliset al., 1990) and,
like the 1.9 kb transcript, remained at constant levels
throughout drying and rehydration. The 1.3 kb mes-
sage accumulated in response to both rapid and slow
drying, and also to rehydration, but only if the tissue
was dried rapidly. This result is consistent with previ-
ous results (Scott and Oliver, 1994) which described
a ubiquitin transcript that accumulated in response
to rehydration of rapid-dried gametophyte. However,
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the accumulation of the 1.3 kb ubiquitin transcript
during rapid desiccation is in contrast to other rehy-
drins whose transcripts accumulate during slow but
not rapid drying (M.J. Oliver, unpublished data; Oliver
and Wood, 1997). It appears that allTortula ubiqui-
tin transcripts are stable during desiccation and in the
dried state, unlike ubiquitin transcripts inS. stapfianus
which are depleted in dried tissue. Accumulation of
the 1.3 kb transcript during drying may indicate that
there is an increase in the stability of this mRNA,
or that some transcription is still possible even under
water stress. Recent work (Wood and Oliver, 1999)
demonstrated the formation of messenger ribonucle-
oprotein particles (mRNPs) during slow desiccation
which may be linked to the accumulation of rehydrins.
Though formation of mRNPs during rapid drying has
not been observed, it is possible that accumulation of
the 1.3 kb ubiquitin transcript is a result of similar
sequestration. The observation that rapid-dried game-
tophytes continue to accumulate the 1.3 kb transcript
upon rehydration is consistent with a large body of ev-
idence that rapid desiccation ofTortula gametophytes
results in greater cellular damage than slow drying,
thereby necessitating more repair (Bewley and Oliver,
1992). It is notable that in the modified desiccation-
tolerant plantS. stapfianus, ubiquitin transcripts are
present in much reduced levels in dried tissue. These
plants dry slowly, building up cellular protection dur-
ing drying, and also probably undergo less cellular
damage than if dried rapidly. This would then al-
low ubiquitin protein, stored during desiccation, to
tag proteins damaged late in dehydration and early in
rehydration while transcript levels are replenished.

Western analysis revealed high-molecular-weight
ubiquitin conjugates inS. stapfianusleaves under all
conditions in contrast toI. ruralis which displayed
significant levels of these conjugates only in slow-
drying tissue. Since the level of ubiquitinated proteins
can be dependent on the rates of ubiquitination, de-
ubiquitination or degradation by the 26S proteasome it
would be speculative to explain the difference in ubiq-
uitination patterns betweenS. stapfianusand T. ru-
ralis. However, a reduced requirement for inducible
ubiquitin transcript in rehydrating slow-driedTortula,
coupled to the appearance of conjugated ubiquitin dur-
ing slow drying, may suggest that removal of some
dehydration-damagedproteins during desiccation may
help to facilitate faster recovery of slow-dried tissue.

We have shown that both the modified and fully
desiccation-tolerant plants analyzed in this study ac-
cumulate ubiquitin transcripts in response to drying

and rehydration of their vegetative tissue. This reflects
an increase in requirement for ubiquitin either to re-
plenish depleted stocks or in response to an increase
in protein degradation via the ubiquitin-mediated 26S
proteasome pathway. Ubiquitin is considered a stress
protein and thus its response to water loss in plants
may be a general stress response, an idea supported by
the induction of a ubiquitin transcript during drying of
the desiccation-sensitiveS. pyramidalis. However, the
presence of multiple ubiquitin transcripts, constitutive
and inducible, in drying and rehydratingS. stapfianus
andT. ruralissuggests that the availability of sufficient
ubiquitin monomer in times of critical cell stress may
be important for survival of these plants. In tomato,
the stress-related induction of a ubiquitin-conjugating
enzyme (Feussneret al., 1997) suggests that sufficient
ubiquitin monomer is provided by a plant at critical
periods whether by recycling of current stocks or by
synthesis of nascent monomer. In the case of dry-
ing and rehydratingS. stapfianus, sufficient ubiquitin
is provided by induced ubiquitin, and inT. ruralis
by induced and constitutive ubiquitin. The ability of
T. ruralis to accumulate and store ubiquitin transcripts,
even during rapid desiccation when overall mRNA
levels decline (Oliver and Bewley, 1984a,b), suggests
a strategic role in its rapid recovery from desiccation.
Though cell protection mechanisms are considered to
play a major role in desiccation tolerance, this work
indicates that the role of repair mechanisms, such as
that represented by ubiquitin-mediated protein degra-
dation may be more than supplemental. Still further
characterization of the ubiquitin-mediated 26S protea-
some pathway, as well as other facets of the repair
machinery, are required to fully appreciate the role of
damage and repair in desiccation tolerance in plants.
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